Structurally frustrated polar nanoregions in BaTaO₂N and the relationship between its high dielectric permittivity and that of BaTiO₃ by Withers, R. L. et al.
Structurally frustrated polar nanoregions in Ba Ta O 2 N and the relationship between
its high dielectric permittivity and that of Ba Ti O 3
R. L. Withers, Y. Liu, P. Woodward, and Y.-I. Kim 
 
Citation: Applied Physics Letters 92, 102907 (2008); doi: 10.1063/1.2890052 
View online: http://dx.doi.org/10.1063/1.2890052 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/92/10?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Domain structure-dielectric property relationship in lead-free ( 1 − x ) ( Bi 1 / 2 Na 1 / 2 ) TiO 3  x BaTiO 3
ceramics 
J. Appl. Phys. 108, 104105 (2010); 10.1063/1.3514093 
 
Phase structure, dielectric properties, and relaxor behavior of ( K 0.5 Na 0.5 ) NbO 3 – ( Ba 0.5 Sr 0.5 ) TiO 3
lead-free solid solution for high temperature applications 
J. Appl. Phys. 105, 124104 (2009); 10.1063/1.3153128 
 
Ultrawideband dielectric spectroscopy of BaZr x Ti 1 − x O 3 ceramics and its microscopic mechanism of
polarization 
J. Appl. Phys. 105, 114102 (2009); 10.1063/1.3131624 
 
Structure and dielectric properties of high-pressure perovskite-type oxyfluorides x KTiO 2 F – ( 1 − x ) BaTiO 3 
J. Appl. Phys. 104, 044101 (2008); 10.1063/1.2968246 
 
Structurally frustrated polar nanoregions in Ba Ti O 3 -based relaxor ferroelectric systems 
Appl. Phys. Lett. 91, 152907 (2007); 10.1063/1.2790481 
 
 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
130.56.106.27 On: Tue, 24 Nov 2015 23:36:38
Structurally frustrated polar nanoregions in BaTaO2N and the relationship
between its high dielectric permittivity and that of BaTiO3
R. L. Withers,1,a Y. Liu,1 P. Woodward,2 and Y.-I. Kim2
1Research School of Chemistry, The Australian National University, Australian Capital Territory 0200,
Australia
2Department of Chemistry, Ohio State University, Columbus, Ohio 43210, USA
Received 28 January 2008; accepted 8 February 2008; published online 12 March 2008
This letter presents direct evidence for the existence of the same inherently polar one-dimensional
1D, displacive disorder in BaTaO2N as occurs in paraelectric BaTiO3 as well as in doped BaTiO3
relaxor ferroelectric systems. The inherently polar, off-center and oppositely directed displacements
of Ta and neighboring O /N ions along 001 give rise to 1D polar nanoregions PNRs and are
responsible for the dielectric properties of BaTaO2N. A bond valence sum analysis of the underlying
crystal chemistry of BaTaO2N shows clearly that O /N ordering is not directly responsible for
inducing the observed 1D PNRs. © 2008 American Institute of Physics. DOI: 10.1063/1.2890052
BaTaO2N of ideal perovskite average structure type1 is
reported to exhibit an extremely high bulk dielectric permit-
tivity 4900 at 300 K,2 reminiscent of the values seen in
BaTiO3 near its para to ferroelectric phase transition.3 Unlike
BaTiO3, however, BaTaO2N does not exhibit a cubic
paraelectric to tetragonal ferroelectric phase transition any-
where within a very wide temperature range its average
crystal structure is metrically cubic with a lattice parameter
that varies smoothly from 4 K right up to 1200 K1,2 nor the
strongly temperature-dependent changes in dielectric permit-
tivity that occur in the vicinity of this transition in the case of
BaTiO3.3 Rather, the extracted bulk dielectric permittivity of
BaTaO2N shows only a relatively moderate temperature de-
pendence 1140 ppm K−1, over the limited temperature
range for which the dielectric permittivity has been measured
from 180 up to 300 K.2 Again, unlike BaTiO3, the as mea-
sured dielectric constant and dielectric loss of BaTaO2N are
frequency dependent.2 This behavior, when coupled with the
presence of probable local O2− /N3− structural disorder,4–6 is
rather more reminiscent of the behavior of relaxor ferroelec-
trics such as BaTi1−xSnxO3, x0.17.7 While there are se-
vere practical problems associated with the sinterability2 of
BaTaO2N, a very high, only moderately temperature depen-
dent, dielectric permittivity is a potentially extremely useful
property and its crystal chemical understanding of consider-
able importance.1,2,4–6
Attention, to date,2,4–6 has focused heavily on local
O2− /N3− ordering and associated induced off-center Ta dis-
placements, giving rise to nanoscale “…polar octahedral
units…”.2 Relaxor ferroelectric behavior has long been at-
tributed to similar polar nanoregions PNRs.8–11 First prin-
ciples calculations on BaTaO2N Ref. 4 predicting Ta–N
bonds to be shorter on average than Ta–O bonds appear con-
sistent with extended x-ray-absorption fine structure
EXAFS experiments5,6 which find that the nearest neighbor
Ta to anion radial distribution function exhibits “…a broad
bimodal peak… indicating a low symmetry coordination en-
vironment around Ta…”6 The problem with linking the di-
electric properties of BaTaO2N directly with off-center Ta
shifts induced by local O2− /N3− ordering, however, is that
such compositional disorder and associated polar behavior
is presumably frozen up until high temperature and hence not
available to switch sign under the action of an applied elec-
tric field. Rather, the PNR’s primarily responsible for the
dielectric behavior of BaTaO2N should arise from inherent
i.e., not fundamentally dependent on chemical disorder co-
operative displacive disorder.12
We have recently observed direct evidence for such be-
havior in a range of doped BaTiO3 relaxor ferroelectric
systems13,14 in the form of transverse polarized,15 001	*
sheets of diffuse intensity runnning through all parent perov-
skite Bragg reflections G. This has prompted the current
careful electron diffraction reinvestigation of BaTaO2N to
see if the same behavior might also occur and what this
might mean for our understanding of the dielectric properties
of BaTaO2N.
Metrically, cubic BaTaO2N, a=4.11254 Å, was syn-
thesized by an ammonolysis reaction, as described
previously.2 Electron diffraction patterns EDP’s were col-
lected using a Philips EM 430 transmission electron micro-
scope. Figure 1 shows the a 010, b −2,11,0, and
c −1,4 ,0 zone axis EDPs typical of BaTaO2N. Note that
there is a complete absence of diffuse intensity very close to
the exact 010 orientation see Fig. 1a. However, on tilt-
ing no more than a few degrees away from the exact 010
orientation keeping an 001* systematic row excited, the
presence of quite characteristic, transverse polarized diffuse
streaking becomes immediately apparent. This diffuse streak-
ing runs through parent perovskite Bragg reflections G per-
pendicular to the 001 real space directions forming essen-
tially continuous G 001	* sheets of diffuse intensity. The
transverse polarized13–15 nature of this characteristic diffuse
distribution is clear from its strong azimuthal intensity varia-
tion and shows that the observed 001	* sheets of diffuse
intensity necessarily arise from the correlated longitudinal
motions of ions along the 001 real space directions. The
absence of diffuse streaking at the exact 010 zone axis
orientations see Fig. 1a is a characteristic of such systems
and arises because of the lack of transverse correlation from
one 001 column to the next e.g., in the 010 orientation,
the neighboring 001 correlated columns of atoms project
on top of one another; the average displacements in projec-aElectronic mail: withers@rsc.anu.edu.au.
APPLIED PHYSICS LETTERS 92, 102907 2008
0003-6951/2008/9210/102907/3/$23.00 © 2008 American Institute of Physics92, 102907-1 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
130.56.106.27 On: Tue, 24 Nov 2015 23:36:38
tion are then zero, and so, there can be no corresponding
observed diffuse streaking. Finally, note the characteristic
variation in diffuse intensity from one G 001	* sheet to
the next which shows that the individual q= 0kl* modes of
distortion responsible for the observed diffuse scattering are
inherently polar in nature, e.g., the h /6 610*+001*, h
odd, diffuse streaking in Fig. 1b or the h /4 410*
+001*, h odd, diffuse streaking in Fig. 1c is more in-
tense than the h even diffuse streaking. This characteristic
intensity variation requires that the Ta ion at 000 and the
disordered O /N anion above it at 12 , 0,0 along the polar
100 directions necessarily shift in opposite directions
along 100 for all q, as shown schematically in Fig. 1d
see Refs. 13 and 14 for more details.
Essentially identical, transverse polarized, 001	* sheets
of diffuse intensity are characteristic not only of
BaTiO3-doped relaxor ferroelectrics13,14 but, most signifi-
cantly, also of BaTiO3 itself,16–19 where compositional order-
ing can have no role to play in the existence of the structured
diffuse distribution. This strongly suggests that the correlated
polar atomic displacements responsible for the observed
structured diffuse in such systems, including BaTaO2N, must
all have an underlying intrinsic crystal chemical origin not
primarily related to any compositional ordering of either cat-
ions or anions.
The correlation length along the individual 1D chain di-
rections of these polar atomic displacements see Fig. 1d
essentially corresponds to one over the half width at half
maximum height of the 001	* sheets of diffuse intensity.
This is difficult to measure from electron diffraction data
such as that shown in Figs. 1a–1c but is clearly no less
than 3–4 nm along the 001 direction. While one could, in
principle, envisage a minimum of 8–10 unit cell long–N–
Ta–N–strings embedded in even longer–O–Ta–O–strings
along a particular 001 direction which might be compatible
with an individual G 001	* sheet of diffuse intensity,14 the
diffraction evidence also strongly suggests that there is no
correlation between different 001-type strings otherwise,
one would observe a three-dimensional structured diffuse
distribution rather than the observed 1D sheets of diffuse
intensity. Thus, the probability of, e.g., a local TaO6 octa-










From the crystal chemical point of view, such a range of
local TaO,N6 coordination polyhedron would cause enor-
mous local strain and is so unlikely that it can be ruled out as
a realistic possibility. Note that this does not mean that local
O /N ordering does not occur indeed, the recently reported
neutron PDF study of BaTaO2N “…favors a cis configura-
tion of… local … TaO4N2 polyhedra…”, just that it can-
not be responsible for the observed structured diffuse distri-
bution. The 1D PNRs cannot therefore be directly related to
O /N ordering and associated induced Ta displacements.
What then is the underlying crystal chemical origin of
these 1D correlated displacements 1D PNRs in the case of
BaTaO2N? If we assume the ideal parent perovskite structure
for BaTaO2N Pm−3m, a=4.1125 Å; Ta at 000, Ba at 12 , 12 ,1
2 , and O /N at
1
2 , 0, 0 with four O and 2 N surrounding each
Ta ion and eight O and 4 N surrounding each Ba ion, then the
calculated valence Vi=
 jSij Refs. 20–23  for the Ba ion is
2.730 valence units v.u., for the Ta ion is 4.486 v.u., for the
O ion is −2.137 v.u. and for the N ion is −2.942 v.u. using the
program EUTAX and the bond valence parameters given in
Ref. 23. Given the ideal valences of 2, 5, −2, and −3, respec-
tively, the deviation from the ideal valence Vi is then given
by VBa=0.730, VTa=−0.514, VO=−0.137, and
VN=0.058, respectively. Very similar numbers are
characteristic of the cubic paraelectric form of BaTiO3 sug-
gesting that the similar magnitudes of the bulk dielectric
constants of BaTaO2N Ref. 2 and BaTiO3 Ref. 3 are
no accident. The so-called global instability index,21







+10.0582	=0.1677= 0.40952. This rather high value of
Gii shows that there is a large amount of chemical strain
present. Typically, room temperature structures do not have
Gii values higher than 0.2–0.3.20–22 A recent comparison of
empirical bond valence and first principles energy calcula-
tions has shown that Gii
2 scales remarkably well with ab initio
total energy calculations.22 Empirical experience suggests the
same.
20,21 The question now becomes: Can this residual bond
strain be relieved? i.e., how can Gii
2
, or the total energy, be
minimized?
Note that the Ba ion is very significantly overbonded and
the Ta ion significantly underbonded. By contrast, the O an-
ion is slightly overbonded and the N anions very slightly
underbonded. Any displacement of the Ba ion away from the
centre of its ideal 12-fold coordination environment can only
FIG. 1. Color online a 010, b −2,11,0, c −1,4 ,0 zone axis
EDPs typical of BaTaO2N and d a schematic drawing of the 1D 001
PNRs of BaTaO2N required by the observed electron diffraction evidence.
The oppositely directed shifts along 001 of neighboring Ta and O/N ions
are labeled by arrows. The Ta and O/N ions are represented by the blue and
red balls, respectively.
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increase its already significant overbonding.21 Therefore, the
Ba ions will strongly resist any such displacement, i.e., it is
not possible to significantly reduce Gii
2 by reducing the Ba
contribution to it. Of the remaining contributions to Gii
2
, the
underbonding of the Ta ion contributes 87% and it is clear
that the reduction of this underbonding is the predominant
driving force for the off-center displacement of the Ta ions,
the observed diffuse distribution, and the 1D PNRs, not local
O /N ordering and associated induced Ta displacements.
The Ta ions can significantly improve their underbond-
ing by moving a distance Taa directly toward one neighbor-
ing anion whether O or N along each of the individual
001 directions see, e.g., Fig. 1d. Simultaneously, the
anion subscript A in what follows will move toward the
incoming cation a distance Aa. Note that this latter shift
will very slightly increase all 12 Ba–O bond distances from
a12 to a 12 +A2  and hence simultaneously very slightly
reduce the over bonding of the Ba ions. This, however, is
very much a second order effect. Because the anion toward
which the Ta moves is already essentially happily bonded,
the Ta ion on the other side of this anion must simultaneously
move away from the incoming Ta ion, i.e., the pattern of
induced displacements must necessarily be correlated along
the 001 chain directions, i.e., the “modulation” is essen-
tially long range ordered along the 001 chain directions
see Fig. 1d. Note, however, that there is no requirement
from the bond valence point of view for this 1D displace-
ment pattern to be correlated from one chain to the next in
the transverse direction, just as is observed experimentally in
the form of essentially continuous G 001	* sheets of dif-
fuse intensity see Fig. 1.
Given that these chains run along all three 001 direc-
tions simultaneously, the Ta-anion distances then split into
two with r1,2=a 12 Ta+O2+2Ta2 	, consistent with
the results of the EXAFS experiments which find a “…bimo-
dal peak in the radial distribution function around Ta….”6
Minimization of Gii
2 suggests that the magnitude of Ta
+O should be around 0.036 depending on the ratio of O to
A. For O /A=1, Gii
2 =0.136 is minimized for Ta+O
=0.0365 corresponding to r1=2.209 Å and r2=1.909 Å. The
relative magnitudes of Ta and O, however, cannot really be
determined by the present study. The corresponding valence
values are then VBa=2.72 v.u., VTa=4.82 v.u., VO
=2.24 v.u., and VN=3.07 v.u.
The existence of the 1D 001 PNRs implied by the
001	* sheets of diffuse intensity in BaTaO2N materials thus
are not induced by the local O /N distribution but rather are
intrinsic to the fundamental underlying crystal chemistry of
the material. Nonetheless, given that O is likely to be slightly
more overbonded than N after the addition of the 1D PNRs
see above and Fig. 1d, there remains scope for the Ta
adjusting their positions within each “octahedra” slightly de-
pending on the type cis or trans and orientation of the local
O4N2 coordination polyhedra. The magnitude of any such
additional induced Ta shifts, however, is likely to be rather
small and hence unlikely to give rise to an observable second
type of structured diffuse distribution. This will give rise to
local strain dependent on the exact O /N distribution.
If the O /N ordering does not “induce” the PNRs, then
what is the role of the chemical disorder? We suggest13,14
that its role is to set up random local strain fields suppressing
transverse correlations of the inherent 001 chain dipoles
see Fig. 1d and the development of a long range ordered
ferroelectric state. Theoretical calculations have shown that
homogeneous strain distortion plays a critical role in the sta-
bilization of the low temperature ferrolectric phases of
BaTiO3.24,25 It would not then be surprising if essentially
random local strain distortions induced by the local O /N
distribution would suppress the condensation of long wave-
length homogeneous strain distortions of the unit cell,
thereby suppressing transverse correlations of the 001
chain dipoles and the development of a long range ordered
ferroelectric state.
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